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Optical methods of enantiomeric-specific state transfer had been proposed theoretically based on a cyclic
three-level system of chiral molecule. According to these theoretical methods, recently the breakthrough
progress has been reported in experiments [S. Eibenberger et al., Phys. Rev. Lett. 118, 123002 (2017); C.
Pe´rez et al., Angew. Chem. Int. Ed. 56, 12512 (2017)] for cold gaseous chiral molecules but with low state-
specific enantiomeric enrichment. One of the limiting factors is the influence of the thermal population in the
selected three purely rotational states in experiment. Here, we theoretically propose an improved optical method
of enantiomeric-specific state transfer to effectively evade such an adverse impact of thermal population by in-
troducing ro-vibrational transitions for the cyclic three-level system of chiral molecules. Then, at the typical
temperature in experiments approximately only the lowest state in the chosen three-level system is thermally
occupied and the optical method of enantiomeric-specific state transfer works well. Comparing with the case of
purely rotational transitions where all the three states are thermally occupied, this modification will remarkably
increase the obtained state-specific enantiomeric enrichment with enantiomeric excess approximately 100%.
I. INTRODUCTION
Molecular chirality has played a crucial role in the enantio-
selective biological and chemical processes [1], homo-
chirality of life [2], and even fundamental physics [3]. It has
attracted considerable interests to realize enantioseparation
and enantiodiscrimination not only in chemistry [4] but also in
atomic, molecular, and optical physics [8–37]. Among these,
solely optical (or microwave) methods with the framework
of cyclic three-level (∆-type) system (CTLS) [5–7] based on
electronic-dipole transitions, have caught the attention to re-
alize enantioseparation [12–25] as well as enantiodiscrimina-
tion [26–37].
The CTLS of chiral molecules is special since the product
of the three corresponding coupling strengths can change the
sign with enantiomers [12–39]. Using this feature, one can
achieve the enantiomeric-specific state transfer [21–23] (also
named as inner-state enantioseparation [14–16]), i.e. the pop-
ulations in special-selected states will be imparity for differ-
ent chirality molecules finally. Based on the CTLS via optical
methods such as stimulated rapid adiabatical passage [12, 13],
dynamic ultrashort-pulse operations [14–16] and shortcuts-
to-adiabaticity operations [17, 18], in principle the perfect
enantiomeric-specific state transfer with enantiomeric excess
100% can be achieved with molecules of different chiral-
ity occupying different-energy levels. Furthermore, the left-
and right-handed molecules in different energy levels can
be spatially separated by a variety of energy-dependent pro-
cess [12, 13, 17]. In addition, based on the similar CTLS,
one can also achieve directly the spatial enantioseparation by
mean of the chiral generalized Stern-Gerlach effect [19, 20],
that is, the molecules of different chirality move along differ-
ent spatial trajectories.
Recently, breakthrough experiments [21–24] have reported
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the enantiomeric-specific state transfer for gaseous molecules
with the similar ideas proposed in Refs. [14, 15]. However,
the obtained enantiomeric enrichment is about .6% [21–
24]. One of the important factors limiting the obtained enan-
tiomeric enrichment is that the multiple degenerated magnetic
sub-levels for three selected rotational states, which will lead
the CTLS to be of multi loops. With the multiple-loop CTLS,
the ability of enantiomeric-specific state transfer will be sup-
pressed [21, 44]. Later on, it was pointed out in the theoretical
work [25, 40], the real single-loop CTLS of asymmetric-top
molecule can be constructed by choosing appropriately three
optical (microwave) fields. Another important factor limiting
the obtained enantiomeric enrichment is the thermal popula-
tion on the three levels of CTLS. In those experiments [21–
24], the CTLS consists of only rotational transitions, whose
transition frequencies are usually at microwave wavelengths.
Thus, the populations in the three states (levels) will approxi-
mately have the same order of magnitude at the typical effec-
tive rotational temperature ∼10K [21–24] according to the
Boltzmann distribution. This will bring an adverse impact
on the state-specific enantiomeric transfer for achieving high
enantiomeric enrichment.
With this motivation, we theoretically propose a practical
way to evade such an adverse impact of thermal population
on the state-specific enantiomeric transfer. Instead of using
purely rotational transitions, we now consider the CTLS of
chiral molecules including two ro-vibrational transitions be-
tween the ground state and the excited states. Since the fre-
quencies of ro-vibrational transitions are usually at infrared
wavelengths, approximately only the vibrational lowest state
is thermally occupied even at room temperature. That means
only the ground state in the chosen three-level system will
be thermally occupied initially. This modification can signif-
icantly improve the enantiomeric-specific state transfer. Par-
ticularly, we demonstrate our idea with HSOH [41–43]. By
taking account of the vibrational motion of OH-stretch, whose
transition frequency between the vibrational ground and first-
exited states is 2π × 108.7760THz [43], the thermal popula-
2tion influence in enantiomeric-specific state transfer based on
the CTLS of chiral molecules would be evaded.
The structure of this paper is organized as following. In
Sec. II, we describe the optical method of the state-specific
enantiomeric transfer based on dynamic ultrashort-pulse op-
erations. In Sec. III, we investigate the influence of finite
temperature on the state-specific enantiomeric transfer, and
compare the obtained state-specific enantiomeric enrichment
via ro-vibrational transitions with that in the same vibrational
case. Finally, we summarize the conclusions in Sec. IV.
II. DYNAMIC ULTRASHORT-PULSE OPERATIONS
We now consider the CTLS of a chiral molecule coupled
with three classical electromagnetic (optical or microwave)
fields as shown in Fig. 1(a). Then the Hamiltonian for
the system in the interaction picture with respect to HQ
0
=∑
n ~ωn|n〉QQ〈n| reads
HQ(t) =
3∑
m>n=1
~ΩQnm(t)e
i∆mnt|n〉QQ〈m|+H.c., (1)
where ~ωn is the eigen-energy of state (level) |n〉Q with
Q = L (Q = R) denoting the left-handed (right-handed)
chiral molecule. The detuning for the transition |m〉Q →
|n〉Q is defined as ∆mn = νmn − ωm + ωn, where νmn is
the frequency of the classical electromagnetic field coupling
to the corresponding transition with the coupling strength
(also called Rabi frequency) ΩQmn(t). We can specify the
chirality-dependence of our model via choosing the coupling
strengths of the left- and right-handed molecules as [12, 13]
ΩLmn(t) = Ωmn(t), Ω
R
13(t) = −Ω13(t), ΩR12(t) = Ω12(t),
and ΩR23(t) = Ω23(t) [14, 34].
In the following, we will briefly give the protocol of dy-
namic ultrashort-pulse operations [14] for the enantiomeric-
specific state transfer, which is very similar to that of current
experiments [21–24]. As depicted in Fig. 1(b), this protocol
consists of three steps. In each step, the transitions of interest
|m〉Q → |n〉Q are driven resonantly, i.e. ∆mn = 0.
In step A, only the pump pulseΩ13(t) is turned on. The cor-
responding Hamiltonian readsHQA (t) = ~Ω
Q
13
(t)(|1〉QQ〈3|+
H.c.) by assuming real coupling strength ΩQ
13
. By control-
ling the pulse to make it satisfy
∫ tA
t0
Ω13(t) dt = π/4, a
general state (density matrix) ρQ
0
at time t0 will evolve to
ρQA = U
Q
A ρ
Q
0
UQ†A at time tA according to the unitary evo-
lution operator UQA = exp(−i
∫ tA
t0
HQA dt/~). In the basis
{|1〉Q, |2〉Q, |3〉Q}, the unitary evolution operators UQA are
ULA =


1√
2
0 − i√
2
0 1 0
− i√
2
0 1√
2

 , URA =


1√
2
0 i√
2
0 1 0
i√
2
0 1√
2

 . (2)
In step B, we turn off the pump pulse Ω13 [i.e. Ω13(t) = 0]
and introduce two ultrashort pulses Ω12(t) and Ω23(t) with
Figure 1. (Color online) (a) Model of CTLSs for left- and right-
handed molecules. The three-level system is resonantly coupled to
the three classical fields with coupling strengths ±Ω13, Ω12, and
Ω23, respectively. (b) Schematic representation of ultrashort opti-
cal pulses to achieve perfect state-specific enantiomeric transfer with
molecule initially prepared in the ground state, e.g. |1〉Q. The related
coupling strengths satisfy
∫ tA
t0
Ω13(t) dt = 1/2
∫ tB
tA
Ω0(t) dt =
− ∫ tC
tB
Ω13(t) dt = pi/4 with Ω23(t) = |Ω23(t)| = −iΩ12(t) =
Ω0(t)/
√
2.
Ω23(t) = |Ω23(t)| = −iΩ12(t) ≡ Ω0(t)/
√
2. The Hamilto-
nian for this step reads HQB (t) = ~Ω0(t)(|D〉QQ〈2| + H.c.)
with |D〉Q = (i|1〉Q + |3〉Q)/
√
2. Under the condition∫ tB
tA
Ω0(t) dt = π/2, the state will go to ρ
Q
B = U
Q
B ρ
Q
AU
Q†
B
with the unitary evolution operators
ULB = U
R
B =


1
2
1√
2
− i
2
− 1√
2
0 − i√
2
i
2
− i√
2
1
2

 (3)
in the basis {|1〉Q, |2〉Q, |3〉Q}.
The step C is realized by taking Ω12(t) = Ω23(t) = 0 and
re-turning on the pump pulse Ω13(t). The pump pulse Ω13(t)
fulfills
∫ tC
tB
Ω13(t) dt = −π/4 [or equivalently (k + 3/4)π
with integer k]. Then, the final state reads ρQC = U
Q
C ρ
Q
BU
Q†
C
with the unitary evolution operators
ULC =


1√
2
0 i√
2
0 1 0
i√
2
0 1√
2

 , URC =


1√
2
0 − i√
2
0 1 0
− i√
2
0 1√
2

 . (4)
With the above three operational steps, the initial state ρQ
0
will go to the final one ρQC = UQρ
Q
0
U †Q with the total unitary
3evolution operator UQ = U
Q
C U
Q
BU
Q
A given as
UL =


1 0 0
0 0 −i
0 −i 0

 , UR =


0 1 0
−1 0 0
0 0 1

 . (5)
This indicates that the two enantiomers will suffer different
evolutions even when their initial states have the same form.
Specially, UL will exchange the populations of left-handed
molecules in states |2〉L and |3〉L, while UR will exchange
the populations of right-handed molecules in states |1〉R and
|2〉R. When the above protocol is applied to the chiral mixture
composed of chiral molecules in the two ground states |1〉Q,
the perfect enantiomeric-specific state transfer is achieved ac-
cording to Eq. (5), since the state |1〉L will evolve back to
itself and the state |1〉R in the meanwhile will be transferred
to |2〉R. After that, the left- and right-handed molecules in
different energy states can be further spatially separated by a
variety of energy-dependent processes [12, 13, 17].
III. TRANSITION BETWEEN DIFFERENT
RO-VIBRATIONAL STATES
As discussed in the above section, the perfect enantiomeric-
specific state transfer can be achieved if the left- and right-
handed molecules has been initially prepared in the ground
state |1〉Q of the CLTS. In experiments [21–24], the effective
rotational temperature of chiral mixture is usually cooled to
∼10K with recent technology. The initial thermal population
in each state of the CTLS based on purely rotational transi-
tions will have the same order of magnitude. This will bring
an adverse impact for achieving perfect enantiomeric-specific
state transfer [21–24].
Now, we investigate the thermal population influence in the
enantiomeric-specific state transfer based on CTLS of chiral
molecules at finite temperature. For the gaseous molecules,
the rotational and vibrational degrees of freedom should be
taken into account [44] by adopting the ro-vibrational state
as [25, 44]
|ψ〉 = |ψvib〉 |ψrot〉 (6)
with the assumption that the coupling between vibrational and
rotational states under field-free conditions can be neglected.
The ro-vibrational state |ψ〉 is the product of the vibrational
state |ψvib〉 and the rotational state |ψrot〉.
A. enantiomeric-specific state transfer at presence of thermal
population
In realistic experiments using buffer gas cooling [21, 28–
32], the vibrational relaxation cross sections of molecule-buff
gas are usually smaller than rotational ones. This indicates
the effective vibrational temperature Tvib of chiral molecules
is typically higher than the effective rotation temperature Trot
[45–47]. Accordingly, we assume that the effective rotational
temperature to be Trot ∼10K and the effective vibrational
temperature Tvib = 300K.
For the three-level system, the initial thermal population
in the ro-vibrational state |n〉Q with the eigen-energy ~ωn =
~(ωn,vib + ωn,rot) has the Boltzmann-distribution form
pn =
1
Z
Pn,vibPn,rot. (7)
Here, the factor Pn,vib (Pn,rot) is defined as Pn,vib =
exp(−~ωn,vib/kBTvib) [Pn,rot = exp(−~ωn,rot/kBTrot)]
with the vibrational (rotational) eigen-energy ~ωn,vib
(~ωn,rot), and Z =
∑3
n=1 Pn,vibPn,rot denotes the partition
function. The initial state for the CTLS reads
ρQ
0
= p1 |1〉QQ 〈1|+ p2 |2〉QQ 〈2|+ p3 |3〉QQ 〈3| (8)
with p1 + p2 + p3 = 1.
By means of the dynamic ultrashort-pulse operations as dis-
cussed in the above section, the states ρL,R
0
for enantiomers
will evolve differently under the different evolution operators
UL,R. Then the final state for the left-handed molecules is
given as
ρLc = p1 |1〉LL 〈1|+ p3 |2〉LL 〈2|+ p2 |3〉LL 〈3| , (9)
and the final state for the right-handed molecules will go to
ρRc = p2 |1〉RR 〈1|+ p1 |2〉RR 〈2|+ p3 |3〉RR 〈3| . (10)
By comparing Eq. (9) with Eq. (10), there are different pop-
ulations in energy degenerated states |n〉L and |n〉R (n =
1, 2, 3). Then, the (imperfect) enantiomeric-specific state
transfer has been achieved. Specially, we now focus on the
state |2〉 to introduce enantiomeric excess [4, 27, 34]
ǫ =
∣∣∣∣∣
ρLc,2 − ρRc,2
ρLc,2 + ρ
R
c,2
∣∣∣∣∣ =
∣∣∣∣
p3 − p1
p3 + p1
∣∣∣∣
=
∣∣∣∣∣∣
1− 2
1 +
P1,vib
P3,vib ×
P1,rot
P3,rot
∣∣∣∣∣∣
(11)
with ρQc,2 = Q〈2|ρQc |2〉Q. It gives the excess of one
enantiomer over the other in the state |2〉. The perfect
enantiomeric-specific state transfer is achieved, when the state
|2〉 is occupied by enantio-pure molecules with ǫ = 100%.
For the selected three states of the CTLS with same vibra-
tional state (ω1,vib = ω2,vib = ω3,vib), ǫ will be only depen-
dent on the rotational transition frequency (ω3,rot − ω1,rot).
If we choose different vibrational states with ω1,vib 6= ω3,vib,
the ratio (P1,vib/P3,vib), which is usually much larger than 1,
will bring an enormously contribution to get a much higher ǫ.
This offers the possibly of evading the thermal population in-
fluence of enantiomeric-specific state transfer by introducing
ro-vibrational transitions in the CTLS.
B. Examples of HSOH
Particularly, we will demonstrate the above idea with
chiral molecules of HSOH. The rotational constants for
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Figure 2. (Color online) The CTLS of HSOH for (a) the case of ro-
vibrational transitions among |1〉 = |g〉|000〉, |2〉 = |e〉|101〉, and
|3〉 = |e〉|110〉; (b) the case of purely rotational transitions among
|1〉 = |g〉|JτM = 000〉, |2〉 = |g〉|101〉, and |3〉 = |g〉|110〉. Here,
|g〉 and |e〉 are, respectively, the vibrational lowest and first-excited
states for the vibrational motion of OH-stretch with the correspond-
ing vibrational transition frequency ωvib/2pi = 108.7760 THz. By
choosing three special polarized electromagnetic fields, the real sin-
gle loop CTLS come true [25, 40]. Panels (c) and (d) show the
thermal population versus the effective rotational temperature with
the effective vibrational temperature Tvib = 300K according to the
cases (a) and (b), respectively.
HSOH molecules are A/2π = 199.6707GHz, B/2π =
15.2705GHz, and C/2π = 14.8434 GHz [42]. The cor-
responding three ro-vibrational states are selected as |1〉 =
|g〉|JτM = 000〉, |2〉 = |e〉 |101〉, and |3〉 = |e〉 |110〉 [25, 40],
where |g〉 and |e〉 are, respectively, the vibrational lowest and
first-excited states for the motion of OH-stretch with the tran-
sition frequency ωvib/2π = 108.7760THz [43]. Here, we
have adopted the |JτM 〉 nomenclature to designate the rota-
tional states of asymmetric-top molecules. J is the total an-
gular momentum, τ runs from −J to J in unit step in order
of ascending energy, andM is the magnetic quantum number
[48] corresponding to the degenerated magnetic sub-levels.
Figure 2(a) displays the CTLS of HSOH for the case of
ro-vibrational transitions. The corresponding initial thermal
population with different rotational temperature Trot for each
selected state of the CTLS is numerically shown in Fig. 2(c)
at the effective vibrational temperature Tvib = 300K accord-
ing to Eq. (7). As the vibrational transition frequency of OH-
stretch is about 2π × 108.7760THz, there will be little initial
thermal occupation for the excited states even at high rota-
tional temperature (e.g. Trot = 300K). In other words, among
the selected three states |1〉, |2〉, and |3〉 in the CTLS, we can
assume that only the ground state |1〉 is thermally populated.
As a comparison, we consider the case that the transitions
in the CTLS are purely rotational transitions with the same vi-
brational state |ψvib〉 = |g〉. The rotational transitions among
0.01 0.1 1 10 100
0.0
0.2
0.4
0.6
0.8
1.0
 Ro-vibrational Transition
 Purely Rotational Transition
Figure 3. (Color online) Enantiomeric excess for ro-vibrational tran-
sitions and rotational transition as a function of rotational tempera-
ture Trot with vibrational temperature Tvib = 300K. The parameters
are the same as those in Fig. 2.
|1〉 = |g〉| = 000〉, |2〉 = |g〉|101〉, and |3〉 = |g〉|110〉 as
well as the corresponding thermal populations for the CTLS
are displayed by Fig. 2(b) and Fig. 2(d), respectively. As ex-
pected, the excited states |2〉 = |g〉|101〉 and |3〉 = |g〉|110〉
have a considerable population at the typical rotational tem-
perature Trot = 10K in experiments. Such result is also ap-
plicable for most of chiral molecules [21–24].
For the racemic mixture of chiral molecules, the initial
thermal populations in state |n〉L and |n〉R will be the same
with each other. According to the ultra-short dynamic pulse
method as discussed in Sec. III A, the enantiomeric-specific
state transfer can be realized. Specifically, we give the enan-
tiomeric excess ǫ to depict the obtained state-specific enan-
tiomeric enrichment. The enantiomeric excess ǫ as a func-
tion of rotational temperature Trot with vibrational tempera-
ture Tvib = 300K is shown in Fig. 3. As expect, the enan-
tiomeric excess ǫ is nearly 100% (see solid line in Fig. 3)
for the case of ro-vibrational transitions when the effective
rotational temperature Trot is as high as 300K. For the case
of purely rotational transitions, ǫ will contrastly have a rapid
decrease when Trot & 1K (see dashed line in Fig. 3). For
instance, at Trot = 10K, which is nearly the cooled rota-
tional temperature achieved in experiments, ǫ is only about
40% ∼ 50%.
C. Ratio of state-specific pure-enantiomers to the chiral
mixture
Based on the chiral-molecule CTLS composed of ro-
vibrational transitions instead of purely rotational ones, the
thermal population influence in enantiomeric-specific state
transfer is negligible. In the realistic case, besides the selected
three states in the CTLS, the other states out of the CTLS
will also be thermally occupied. For the left- or right-handed
molecules, we can introduce Pn to describe the proportion of
state |j〉 to the related total population as
Pj =
1
Ztot
Pj,vibPj,rot, (12)
5Figure 4. (Color online) (a) The proportion for the selected three
states |1〉 (black dashed), |2〉 (red solid), and |3〉 (blue dotted); (b)
The ratio of state-specific pure-enantiomers to the racemic mixture
at different rotational temperature Trot. The other parameters are the
same as those in Fig. 2.
where Ztot =
∑∞
j=1 Pj,vibPj,rot is the total partition function
for all ro-vibrational states. The proportions Pn (n = 1, 2, 3)
of the selected ro-vibrational states |1〉, |2〉, and |3〉 are shown
in Fig. 4(a).
After single-time optical operation, only part of the right-
handedmolecules (i.e., those initially occupy in the state |1〉R)
can be used for enantiomeric-specific state transfer as given in
Sec. III A. Thus, the ratio of the obtained state-specific pure-
enantiomers to the racemic mixture is
η =
1
2
P1, (13)
where the factor 1/2 results from the fact that the racemic
mixture consists of equal amounts of left- and right-handed
molecules. Accordingly, we show the ratio η of state-specific
pure-enantiomers to the racemic mixture at different rota-
tional temperature Trot with the effective vibrational tem-
perature Tvib in Fig. 4(b). At typical rotational tempera-
ture of ∼10K [21–24], the ratio η is about 2%. In order
to increase the ratio η and thus promote the enantiosepara-
tion of the racemic mixture, we can achieve the enantiomeric-
specific state transfer by further lowering the rotational tem-
perature and/or repeating the progress of the enantiomeric-
specific state transfer and the subsequent spatial separation.
IV. CONCLUSION
In conclusion, we have theoretically evade the thermal
population influence in enantiomeric-specific state transfer
based on the CTLS of chiral molecules by considering the
ro-vibrational transitions rather than purely rotational tran-
sitions. With the example of HSOH, we have numerically
demonstrated our proposal and found that the thermal popula-
tion influence on the CTLS has been effectively evaded for the
rotational temperature even at 300K. In addition, we would
like to point out that the adverse impact of thermal population
in other enantioseparation [15–20, 25] and enantiodiscrimina-
tion [26–30, 34–37] methods based on the CTLS can also be
evaded by adopting our similar idea.
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